Abstract Human pygmy populations inhabit different regions of the world, from Africa to Melanesia. In Asia, short-statured populations are often referred to as "negritos." Their short stature has been interpreted as a consequence of thermoregulatory, nutritional, and/or locomotory adaptations to life in tropical forests. A more recent hypothesis proposes that their stature is the outcome of a life history trade-off in high-mortality environments, where early reproduction is favored and, consequently, early sexual maturation and early growth cessation have coevolved. Some serological evidence of deficiencies in the growth hormone/insulin-like growth factor axis have been previously associated with pygmies' short stature. Using genome-wide single-nucleotide polymorphism genotype data, we first tested whether different negrito groups living in the Philippines and Papua New Guinea are closely related and then investigated genomic signals of recent positive selection in African, Asian, and Papuan
Abstract Human pygmy populations inhabit different regions of the world, from Africa to Melanesia. In Asia, short-statured populations are often referred to as "negritos." Their short stature has been interpreted as a consequence of thermoregulatory, nutritional, and/or locomotory adaptations to life in tropical forests. A more recent hypothesis proposes that their stature is the outcome of a life history trade-off in high-mortality environments, where early reproduction is favored and, consequently, early sexual maturation and early growth cessation have coevolved. Some serological evidence of deficiencies in the growth hormone/insulin-like growth factor axis have been previously associated with pygmies' short stature. Using genome-wide single-nucleotide polymorphism genotype data, we first tested whether different negrito groups living in the Philippines and Papua New Guinea are closely related and then investigated genomic signals of recent positive selection in African, Asian, and Papuan pygmy populations. We found that negritos in the Philippines and Papua New Guinea are genetically more similar to their nonpygmy neighbors than to one another and have experienced positive selection at different genes. These results indicate that geographically distant pygmy groups are likely to have evolved their short stature independently. We also found that selection on common height variants is unlikely to explain their short stature and that different genes associated with growth, thyroid function, and sexual development are under selection in different pygmy groups.
The term negrito has been used in the literature to refer to short-statured huntergatherers living in Asia, Southeast Asia, and Melanesia (Andaman Islands, Peninsula Malaysia, and the Philippines). The term pygmy has sometimes been used to refer to short-statured populations in Africa, but in other publications, the term pygmy is used to refer to short-statured populations in general (both in and outside of Africa).
Here we are concerned with the evolution of short stature in human populations; we use the term pygmy to refer to all the short-statured populations, and when necessary to distinguish Asian and Melanesian groups, we use the term negrito. We do not intend to imply common origin when applying the terms pygmy and negrito; we use the terms to describe a particular phenotype. Pygmy populations, characterized by their extremely short adult stature (average adult male height < 155 cm; Cavalli-Sforza 1986; Migliano et al. 2007 ), exist in Africa, the Andaman Islands, Peninsula Malaysia, the Philippines, and Papua New Guinea (Figure 1 ). While early researchers speculated that existence of short-statured peoples in scattered locations across the world (known as pygmies in the west of the Old World and negritos in the east) was associated with a single primordial migration of pygmy peoples, recent work has shown that, by and large, short-statured populations worldwide are more closely related to their neighbor populations than they are to one another (Endicott et al. 2003 ; HUGO Pan Asian SNP Consortium 2009). However, the relatedness among different pygmy groups in Asia and Melanesia is less clear, and the great degree of admixture between pygmies and neighbor nonpygmy populations in the Philippines and Malaysia might have weaken signals of ancestral communalities (Heyer et al. this issue; Jinam et al. 2012; Scholes et al. 2011; Rasmussen et al. 2011) . A diverse body of evidence supports the view that short stature in African and Asian pygmies is not caused by poor nutrition but has a distinct genetic basis (Migliano et al. 2007; Perry and Dominy 2009) . Independently from whether "negrito phenotypes" have evolved once or a few times convergently, various adaptive hypotheses have been put forward to explain the phenotype, relating it to locomotion in dense tropical forests (Turnbull 1986) , reduced heat production in hot and humid environments (Cavalli-Sforza 1986), or low caloric intake (Shea and Bailey 1996) . None of these hypotheses, however, fully explains the observed range of height variation in populations living in hot tropical forests. Moreover, the fact that some pygmy-sized populations live in nontropical cool and dry environments contradicts these hypotheses (Diamond 1991 ). An alternative hypothesis proposes that short stature itself is not an adaptation but, rather, a consequence of a trade-off between growth and reproduction in high-mortality environments, where selection for early reproduction (to ensure reproduction before death) leads to early sexual maturation, early growth secession, and, consequently, short stature (Migliano et al. 2007) . Although it is possible that a combination of different selective pressures led to the evolution of extreme short stature and that different populations suffered different selective pressures (Perry and Dominy 2009), the life-history hypothesis is the only explanation that has been shown to affect reproductive fitness in pygmies (Migliano et al. 2007 ). Recent advances in genomics allow the search for signatures of natural selection (Sabeti et al. 2006; Voight et al. 2006; Pickrell et al. 2009 ) and, consequently, enable us to track the adaptive history of human populations in the recent past, even if those adaptations no longer contribute with the populations' reproductive fitness. Furthermore, genomics might allow us to explore whether similar phenotypes (such as the short stature of different pygmy groups) are likely to have evolved convergently or are a result of a shared common ancestry.
Previous genetic studies on the history of pygmy populations, using mitochondrial DNA, Y-chromosome, or autosomal markers, have shown that these populations are not uniquely related (Endicott et al. 2003; Thangaraj et al. 2005; Reich et al. 2009 ). Within Africa, demographic modeling using approximate Bayesian computation suggests that western African and eastern groups of Central African pygmies separated from local nonpygmy groups 60-70 kya and from each other around 20 kya (Verdu et al. 2009; Patin et al. 2009; Batini et al. 2011) . The evolutionary history of negrito populations outside Africa has been much less explored. Although negritos in the Malay Peninsula and the Philippines have been shown to be genetically more similar to their local neighboring populations than to one another (Thangaraj et al. 2005) , little is known about other negrito populations within Asia and Melanesia. The adaptive evolution of the pygmy phenotype is even less understood. Studies show that in Africa, genes of the growth hormone/insulinlike growth factor (GH/IGF) signaling pathway (IGF2R, PIK3R3) and the thyroid hormone pathway (TRIP4, IYD) are under selection in Biaka and Mbuti pygmies, leading to the suggestion that these genetic variants may explain the evolution of short stature among African pygmies (Pickrell et al. 2009; Herráez et al. 2009 ). Recently, genes such as DOCK3, associated with height variation in Europeans, and CISH, a growth hormone inhibitor, have been associated with height variation in western African pygmies (Jarvis et al. 2012; Lachance et al. 2012) .
Here, we investigate three questions regarding the evolution of human pygmies: (1) Do different negrito populations share a private history? (2) Did their extreme short stature evolve independently? (3) Among those groups of genes that have been previously associated with particular aspects of the pygmy phenotype, which, if any, have been under positive selection in pygmy populations?
To address these questions, we have generated genome-wide genotyping data from three Philippine pygmy groups and their nonpygmy neighbors, as well as two pygmy groups from different regions of the Papuan Highlands and their nonpygmy neighbors (see Figure 1, 
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Populations and Sampling Strategy
Philippines. From the Philippines, three groups of pygmies were included in the analyses: the Aeta, the Batak, and the Agta. The Appendix provides a short description of these groups, sample collection, and their similar phenotypes.
The new data on the Aeta, Batak, and Agta presented in this article were obtained during two seasons of fieldwork in 2007 and 2008. Aeta and Batak individuals were measured to record their variation in body size, and extensive interviews were conducted in order to record the genealogies and the levels of relatedness between individuals; saliva samples were collected using Oragene DNA Self-Collection Kits (DNA Genotek, ON, Canada), after informed consent. Besides the negrito groups, the analyses also included samples from the Tagbanua tribe, "phenotypically Asian" small-scale agriculturalists from Palawan island, with an estimated population of 181,567 people by the National Commission on Indigenous Peoples (NCIP) (Cariño 2012). We also included Filipinos from Zambales Province and from the Casiguran municipality in Aurora Province, who lived in the areas surrounding the Agta and Aeta territory (see Appendix and Table S1 ).
Papua New Guinea. From Papua New Guinea two groups of pygmies were included in the analyses, one from the Koinambe village in the Western Highlands Province, and the other from Kosipe mission in the Goilala District of Central Province. Saliva samples and body measurements were also collected for nonpygmy individuals from the Western Highlands Province: speakers of Trans-New Guinea languages, with no ascendants from the Jimi River area (see Appendix and Table S1 ).
Sampling.
Data collection in the Philippines and Papua New Guinea took place during July and August 2007 and July and August 2008. Saliva samples were collected as part of a larger anthropological project recording phenotypes and demography of the different pygmy groups (coordinated by A.B.M.; samples in the Philippines collected by A.B.M., K.S., C.S., and K.T.; in Papua New Guinea, by A.B.M., M.L., E.K., C.S., and A.B.). Permits for sampling were obtained from the National Research Institute in Papua New Guinea and from the NCIP in the Philippines (the two governmental organizations responsible for regulating research on the local indigenous peoples in those countries).
Ethics. Approval was obtained from the University of Cambridge, following local approvals by the governments of the two countries involved in the studies. We obtained ethical clearance from the NCIP for the Philippine sample and from the National Research Institute for the Papuan samples. Approval was also obtained at the local community level, from the elders' committee in each of the locations, and informed consent was obtained from all participants (written in their own languages) after a presentation of the research objectives in Tagalog for the Philippine populations and in Pidgin for Papuan populations.
Samples from the HGDP-CEPH Human Genome Diversity Cell Line Panel
From the 938 unrelated individuals of the 51 global populations in the HGDP-CEPH panel included in analyses by Li et al. (2008) , 38 populations (728 individuals) were selected to represent the relevant world regions (see Appendix for selection criteria). The HGDP-CEPH panel includes two groups of pygmies, the Biaka (western Africa) and the Mbuti (eastern Africa), which are used in the comparisons with negritos.
Genotyping and Quality Control. Around 150 samples were collected for each of the pygmy populations, from which a subset of unrelated individuals (ascertained through genealogies) were selected for genotyping (see Appendix and Table  S1 for genotyped samples). Samples were genotyped with Human610-Quadv1.0 BeadChips on the Illumina platform with standard protocols and BeadStudio GT Module, version 3.1 (Illumina, CA, USA), was used to assign genotypes. The new data were combined with a subset of the publicly available HGDP genotypes (Li et al. 2008) . We used PLINK version 1.05 (Purcell et al. 2007 ) for data management and quality control and to exclude from selection scans individuals related by identity-by-descent values higher than 0.125 (see Appendix).
Structure-like Analysis
We ran ADMIXTURE (Alexander et al. 2009 ) with random seed number generator on the linkage disequilibrium (LD)-pruned data set 100 times at K = 2 to K = 10. Several "structure-like" algorithms are available for capturing population genetic structure in large multilocus data sets. These model-based approaches construct a predefined number (K) of "ancestral populations" (defined by allele frequencies at all loci) and simultaneously assign respective ancestry proportions for each sample in the study. Compared with the original Bayesian approach (Pritchard et al. 2000; Falush et al. 2003) , recent maximum-likelihood approaches have pronounced computational advantages (Tang et al. 2005; Li et al. 2008; Alexander et al. 2009 ) that make them more suitable for inferring structure in large data sets. Following an established procedure (Rasmussen et al. 2010; Behar et al. 2010) , we examined the log-likelihood scores (LLs) of the individual runs and found that the maximum difference between LLs in the 10% fraction of the runs with the highest LLs was minimal (<1.2 LLs units). We used this as a pointer and assumed that, at all values of K, the independent runs in the top fraction of LLs converged on the global maximum likelihood.
One constant problem of structure-like analyses is the choice of K. Because it is specified by the researcher, it is not obviously clear at which K most of the real structure is captured. This is more important in applications that need to account for population structure as a confounding effect (association studies). In our case, the population structure itself was under study, so we took the ancestry proportion patterns of consecutive values of K as (hierarchical) increases in resolution for the population structure. The upper limit for useful K is set by informal pointers. First, if the new emerging components have a relatively even distribution over all (most) populations under study, it is likely that this signal comes from noise (Hubisz et al. 2009 ). Alternatively, if the new components that appear start to be restricted to only one population, the increase of K loses informativeness in population comparisons. In our case, the most informative level of resolution was at K = 8. However, in the Results section we refer to the succession of K values (see Figure 2b) . For a recent and more detailed discussion on application of ADMIXTURE, see Behar et al. (2010: supplementary note 3).
Estimating the Effect of Admixture on Adult Height. We used the results from ADMIXTURE to estimate individual ancestry proportion (K = 5 for estimating pygmy ancestry, and K = 8 for Asian ancestry) and its correlation with adult height for 43 men and 27 women from the different pygmy groups of the Philippines (Aeta, Agta, and Batak) and for the nonpygmy groups (Tagbanua, Zambales, Casiguran). Because K = 5 separates negritos and Asians, we used individual "negrito" ancestry proportion to correlate with their adult height. This procedure allows us to estimate the effect of genetic contribution on adult height.
Population F ST Values.
We calculated average pairwise F ST values (shown in Table S2 ) for all sampled populations using the formula given by Weir and Cockerham (1984) . All 531,315 autosomal single-nucleotide polymorphisms (SNPs) in common between our samples and the HGDP data were used for these calculations.
Heterozygosity. Average autosomal observed heterozygosity for all populations outside Africa was calculated as described in Nei (1978) and plotted against the population F ST distance from Bantu Kenya (data not shown; see Appendix for a description of this method).
Selection Estimations. We used integrated haplotype score (iHS) and crosspopulation extended haplotype homozygosity (XP-EHH) (Sabeti et al. 2006; Voight et al. 2006) , which are methods that rely on linkage disequilibrium (LD) to investigate selective sweeps in African, Philippine, and Papuan pygmies and in their closest related nonpygmy populations. The two methods are complementary: XP-EHH has increased power to detect selected alleles near fixation (>80% frequency), and iHS is better at detecting alleles at moderate frequencies (40-80%) (Voight et al. 2006) . Both statistics were calculated using tools available at http:// hgdp.uchicago.edu. Genetic distances between markers were calculated using the HapMap genetic map (Frazer et al. 2007) . It is important to note, however, that we focus here on relatively recent positive selection processes (no more than 40 kya) (Pritchard and Di Rienzo 2010; Sabeti et al. 2007 ); other biological processes involved in the evolution of pygmy phenotypes may not be identified in this study because of methodological limitations.
Following quality control, we phased all 477,950 autosomal SNPs overlapping with HapMap3 data using Beagle version 3.3.2 (Browning and Browning 2007). For phasing African data we used HapMap Yoruba trios, and for phasing non-African data we used HapMap CEU trio data. Genetic distances between markers were calculated using the HapMap genetic map (Frazer et al. 2007 ). For iHS, ancestral and derived states for each SNP were established by comparison with the UCSC snp128OrthoPanTro2RheMac2 table taken from the Ensembl variation database (Chen et al. 2010) . Data were split into contiguous nonoverlapping 200-kb windows and normalized as described in Pickrell et al. (2009) , resulting in a final set of ~13,000 data points for each population or population pair that spans most of the autosomal genome. The highest XP-EHH score in a window and the fraction of SNPs in a window with an iHS score > |2| were used as test statistics; windows with fewer than 15 SNPs were excluded from further analyses for this statistic. Windows were ranked as described in Pickrell et al. (2009) , and the top 1% and 5% outliers for each comparison were examined as detailed below (see Appendix).
XP-EHH requires two populations; because the African Mandenka, Yoruba, and Bantu farmers have clustered together in previous analyses of population structure (Li et al. 2008; Rosenberg et al. 2002) , they were grouped together in our analyses and used as the outgroup population for all comparisons; HGDP Europeans were used as the outgroup for analyses where the focal population was African farmers. We calculated XP-EHH scores for Mbuti and Biaka pygmies; for the Aeta and Batak from the Philippines; for the Han Chinese and Cambodians combined; and in Papua New Guinea, for the Koinambe pygmies and for Papuan nonpygmies, drawn both from our own samples (nonpygmies from the Western Highlands Province) and from the HGDP-CEPH panel (Papuans). XP-EHH scores will vary according to the reference population; this allows for using different reference populations (which shared a common ancestral with the negrito groups at different times in the past) to infer the adaptive trajectory of the different negrito groups. Therefore, we also calculated XP-EHH scores for the pygmies outside Africa using as reference groups their closest related nonpygmy groups (i.e., Han Chinese combined with Cambodians for the Aeta and Batak, and Papuan nonpygmies for Koinambe pygmies). These local comparisons are likely to reveal complete selective sweeps that happened more recently after the separation of pygmies and nonpygmies in each geographic region (see Appendix).
iHS scores were calculated for Mbuti and Biaka pygmies and the combined African farmer groups; Aeta and Batak from the Philippines; the combined Han Chinese and Cambodians; the combined Koinambe and Kosipe pygmies from Papua New Guinea (iHS analyses require a larger sample size than XP-EHH [Pickrell et al. 2009 ], so Kosipe and Koinambe pygmies had to be combined for iHS analyses); and for Papuan nonpygmies (see Appendix).
Shared Windows Calculations.
We calculated the percentage of shared windows across populations in the extreme tails of iHS and XP-EHH distributions (1% and 5%), by comparing the number of windows at the 1% of the population of interest that was also present in the 5% tail of distribution in the other populations, as described in Pickrell et al. (2009) . The shared top XP-EHH signals of selection for these populations are shown in Table 1 . We have also calculated percentages of shared windows for XP-EHH scores for the pygmies using local reference populations (see Table S3 ). iHS percentages of shared windows among populations are shown in Table 1 .
Enrichment Analyses.
We first subjected the results of the top 1% iHS and XP-EHH signals to enrichment analysis of Gene Ontology (GO) terms using a modified algorithm in DAVID (Huang et al. 2009) , exploring the functional annotation of the 200-kb windows that were used in selection scanning. In order to avoid biases due to physical clustering of functionally related genes (Lee and Sonnhammer 2003; Huang et al. 2009 ), in these analyses the GO terms that appeared twice or more per window when found associated with different genes were considered only once in our analyses (see Table S11 ). Enrichment analysis was done per window.
We applied hypothesis-free enrichment analysis on the outliers of the iHS and XP-EHH scans for positive selection in different pygmy groups, looking for enrichment of GO terms. We also performed targeted searches for genes previously associated with height in nonpygmy populations, development of sexual characteristics, thermoregulation, GH/IGF pathway, and thyroid function (see Tables S4-S7 and S12 for gene lists). For genes included in the lists for each category, see the Appendix.
Calculating Enrichment. For all pygmy and nonpygmy populations included in the iHS and XP-EHH analysis, we used Fisher's exact test (Fisher 1922) to perform searches for gene enrichment of GO terms and the targeted gene lists on all genes in the top 1% windows of the iHS and XP-EHH test statistic distributions. We tested for enrichment of windows rather than genes associated with each of the phenotypes of interest; we used windows in order to correct for positional clustering (Huang et al. 2009 ).
Top 20 Signals Analyses.
We manually checked all genes present in the windows with the top 20 signals for the iHS and XP-EHH analyses (Tables S8-S10) and their association with the phenotypes of interest.
Analyses of SNPs Associated with Height Variation.
In a recent meta-analysis of genome-wide association studies of a combined 183,727 individuals, 180 genetic loci were reported to influence adult height (Lango Allen et al. 2010) . Of these, 51 were directly genotyped in our data, and for another 91 markers we were able to find a proxy SNP on the basis of LD with the height-associated marker (r 2 = 0.8) using SNAP tool (www.broadinstitute.org/mpg/snap/). We grouped all pygmy samples in the Philippines as one group, and all pygmy samples in Papua New Guinea into another group, and compared them with local nonpygmy groups. For each group we determined allele frequencies and genotype counts using PLINK. We used Fisher's exact test and the chi-square test to assess whether negrito and non-negrito groups differ in allele frequencies at the 142 height-associated loci (Table S13) .
Results and Discussion
Pygmy Populations Have Independent Evolutionary Histories in Each Continent. In order to assess the genetic relatedness of Asian, Melanesian, and African pygmy populations, we surveyed the genome-wide SNP variation in 111 pygmies (from the seven pygmy populations) and 730 nonpygmy samples using principal component analysis (PCA). A plot of the first two principal components shows clustering of individuals according to their geographic origin ( Figure  2a ). All pygmy groups cluster with nonpygmies in their geographic region: the Aeta, Batak, and Agta from the Philippines cluster with other Southeast Asians, and the Kosipe and Koinambe pygmies cluster with other Papuans and Island Melanesians.
We further assessed the population structure (Figure 2b ) of the pygmy groups against global reference populations using the ADMIXTURE approach (see Appendix) (Alexander et al. 2009 ). African and Asian pygmies are separated already at K = 2, along with their taller neighboring populations. At K = 4 and K = 5, Papuan and Philippine clusters, respectively, are distinguished from continental Asians, again with no discrete distinction between neighboring pygmy and nonpygmy groups. However, nonpygmy groups from the Philippines consistently show higher frequency of the mainland Asian ancestry component than do the three Philippine pygmy populations. Despite their isolation and small population sizes, the Aeta, Batak, and Agta show genomic heterozygosity values similar to other populations in East Asia (data not shown). From K = 8 to K = 10 ( Figure  2b ), a separation emerges between the Philippine Aeta and Batak, where both groups are characterized by an ancestry component dominant in, but not restricted to, either of the populations. This is consistent with the fact that Aeta and Batak inhabit different islands in the Philippines (Luzon and Palawan, respectively). In contrast, the Agta (inhabiting the opposite extreme of Luzon Island from the Aeta), who were undistinguishable from the Batak until K = 7, do not acquire a largely population-specific ancestry component. Instead, starting from K = 8, their ancestry palette consists of roughly 45% Aeta, 25% Batak, and 25% continental Asian ancestry components. The nonpygmy Filipinos show somewhat different combinations of same three ancestral components. It is notable that the pairwise genome-wide F ST genetic distance between the Aeta and Batak (0.092) is greater than that between the Biaka and Mbuti African pygmies (0.051) and comparable to differences between West and East Eurasian populations, such as French versus Han Chinese (F ST = 0.10; see Table S2 ).
In Papua New Guinea, the genetic distances between populations, regardless of their average height, are less pronounced (all F ST < 0.06) than in the Philippines. Despite the fact that the two pygmy groups are phenotypically similar and speak languages of the same linguistic family (see Appendix and Table S1 ), Koinambe pygmies are more closely related to their nonpygmy neighbors (Figure 2a , Table  S2 ) than to Kosipe pygmies. The F ST distances we observe between Philippine and New Guinean pygmies (0.18-0.19) are comparable to the lower range of differences seen between African and non-African populations.
Overall, these results suggest that African, Philippine, and Papuan pygmies are genetically more similar to their taller neighboring populations than they are to one another and that there is no detectable ancestry component that might relate A pygmy populations across broad geographic regions. Within different continents, the pattern of genetic differentiation between pygmies and nonpygmies is variable-greatest in the Philippine Aeta and Batak (discrimination at K = 5 in the ADMIXTURE analysis), followed by African pygmies (K = 7), and undetectable in Melanesia (up to K = 10). These analyses were based on summary genome-wide analyses of total genetic similarities. However, it is possible that pygmy populations across the world might share signs of a unique common ancestry in just a few genes that underlie their short stature. Alternatively, the genetic basis of short stature in pygmies might be explained by convergent evolution at many height-related genes. We therefore went on to explore whether there is any evidence for signals of positive selection (selective sweeps) being shared between different pygmy populations. Table S1 and Appendix for population descriptions). XP-EHH uses a reference population (see Appendix for further discussion), which allowed us to employ different references to infer the adaptive trajectory of the various pygmy groups. Percentages of genomic windows that are shared among these populations are shown in Table  1 . As expected from their more recent population divergence, groups outside Africa share more than 20% of complete sweep signals (Table 1) . Nevertheless, Asian and Papuan pygmies do not share more windows with each other than with nonpygmy groups. For instance, the Aeta and Batak each share more windows with the Han Chinese/Cambodian sample than between themselves. Since the XP-EHH method is designed to identify signals of complete selective sweeps, which can persist for tens of thousands of years, the high level of sharing outside Africa may partly result from selective sweeps in the ancestral Asian population. The fact that most of the top 20 XP-EHH signals observed in the Aeta, Batak, and Koinambe pygmies occur as top 5% signals in their neighbors (Table S7) suggests that no major selection signals are uniquely shared between pygmy populations in different continents. Therefore, using a distantly related African population as the reference group might not be sufficiently sensitive to reveal local adaptations in Southeast Asian and Papuan pygmies. In order to differentiate between such ancestral processes and selection that might be specific to pygmy groups, we also calculated the XP-EHH scores for the pygmies outside Africa using their most closely related nonpygmy groups as reference populations (i.e., Han Chinese/Cambodians for the Aeta and Batak, and Papuan nonpygmies for the Koinambe pygmies; Table S10 ). These local comparisons are likely to reveal complete selective sweeps that occurred more recently, after the separation of pygmies and nonpygmies in each geographic region. We observed only a small proportion of selection signals being shared between the Aeta and Batak (23-25%; Table S3 ), despite their similar phenotypes and environment. This result reinforces the findings from our ADMIXTURE analysis and suggests that these two populations have experienced long-term independent demographic and adaptive histories.
Genetically Distinct Pygmy Populations from
In terms of partial selective sweeps, the top iHS signals (Table 1) show very little top 1% versus top 5% signal sharing between pygmy groups across continents, typically less than 10%. Within continents, shared signals among pygmies are only slightly greater than between continents, with the highest value of 18% observed between the Mbuti and Biaka. Comparing the extent of shared selection signals between pygmy groups within a region and between pygmies and their neighbors reveals the highest shared signal among Papuan pygmy and nonpygmy groups. These results again complement those of the PCA and ADMIXTURE analyses by suggesting a recent common adaptive history of all the Papuan populations studied here, independent of their body size.
The fact that pygmies do not share more signals of positive selection among themselves than with nonpygmy populations suggests that, despite their overall phenotypic similarity, adaptation in each pygmy population could be the result of selection acting on different genes.
Pygmies in Africa, Asia, and Melanesia Have Different Genes under Selection Associated with Similar Phenotypes.
We first subjected the results of the top 1% iHS and XP-EHH signals to enrichment analysis of GO terms using a modified DAVID algorithm that circumvents gene clustering problem by considering the 200-kb windows rather than genes as units of enrichment analyses (see Appendix for details). Consistent with previous reports on global populations (Herráez et al. 2009 ), we found that terms related to immunity, neural development, and metabolic processes are enriched in several pygmy groups, albeit with minimal overlap of specific enriched GO terms. Previous study has found genes related to reproduction and steroid hormone synthesis to be enriched in western pygmies (Jarvis et al. 2012) . East African and Papuan pygmies both show significant enrichment of terms related to sexual development and reproduction, while Papuan pygmies also show enrichment of terms related to growth (Table  S11 ). These GO terms bear relevance to the evolutionary hypotheses that have been proposed to explain pygmy height.
In order to investigate the selective forces that may have been particularly likely to lead to short stature, we examined in detail allelic differentiation and enrichment of genes associated with the relevant phenotypes (among the strongest signatures of selection of genes in the pygmies). We have tested for enrichment of genes previously associated (in Europeans and Asians) with height variation, growth (genes of the GH/IGF pathways), sexual development and puberty (to account for the possibility that short stature in pygmies could be a by-product of selection for early reproduction), thyroid function, and thermoregulation (see Tables  S4-S7 for gene lists). We tested each population of pygmies for enrichment of windows (genomic 200-kb windows) containing genes associated with the relevant phenotypes (growth, sexual development, thyroid function, thermoregulation, and height). We analyzed windows containing SNPs significantly associated with these phenotypes, represented in the top 1% tail of distributions for iHS and XP-EHH tests. In the case of XP-EHH, we used regional nonpygmy populations as reference groups (see Appendix for descriptions of reference populations). (Table  S13) . Considering the observed allele frequency differences at other loci across the genome, however, these results do not indicate enrichment but, rather, the existence of population structure: when taking random sets of 142 markers over the genome for Philippine pygmy and nonpygmy groups, 55.3% of the time we observed 32 or more SNPs with p-values < 0.05. If using more stringent threshold of p < 1 × 10 -5
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, two height-associated markers passed the threshold, but again, by random sampling of the genome we observed two or more low p-value markers in 14.7% of the tests. Also, the number of markers at which pygmies had lower frequency of the taller height-associated allele did not differ significantly from the opposite case (Table S13) . Although several height genes appeared among the top 20 selection hits in pygmy groups (e.g., ZFAT was the second strongest iHS signal among Papuan pygmies), the combined set of 180 genomic loci associated with height variation in either European or Asian populations (Table S4) did not appear significantly enriched in our scans of positive selection in any of the pygmy populations. Furthermore, the loci that appeared in the top 1% of the selection signals in individual pygmy groups did not show any overlaps across populations (Table 2 ). These results indicate that the set of common SNPs currently believed to determine (an admittedly small fraction of) height heritability (Lango Allen et al. 2010; Aulchenko et al. 2009; Shriner et al. 2009; Okada et al. 2010; Yang et al. 2010 ) has contributed only weakly-if at all-to the evolution of short stature in pygmy populations worldwide. Furthermore, they suggest that any such potential contributions of these small effects have affected different genes in different pygmy groups.
In spite of not finding genes significantly explaining height differences between pygmies and their nonpygmy neighbors, ADMIXTURE results indicate that adult height is heritable in the Philippine pygmies, as Becker et al. (2011) found for African pygmies. Our results show that individuals with higher proportions of Asian ancestry (nonpygmy neighbors) are significantly taller than individuals with higher proportions of "negrito" ancestry ( Figure 4) . The proportion of "negrito ancestry" estimated using ADMIXTURE (yellow component in K = 5) significantly explains 49.6% and 49.8% of the height variability of women and men, respectively, in our Philippine samples (Figure 4c ), while the proportion of "Asian ancestry" (orange component in K = 8) explains 35.7% and 45.5% of the adult height variation in men and women, respectively (data not shown). Therefore, a small number of genes with major effects may be involved in the evolution of extreme short stature in pygmies. Notably, in the case of the Aeta, two genes among the top 20 iHS signals have been implicated in pathological syndromes causing dwarfism: mutations in the RNU4ATAC gene are a cause of microcephalic osteodysplastic primordial dwarfism type 1 (He et al. 2011) , and disruptions in NAALADL2 have been associated with Amsterdam dwarfism (Tonkin et al. 2004 ). Other such largeeffect genes in the GH/IGF signaling pathways (Table S12) 
